O ne hypothesis for the evolutionary expansion of mammals after their emergence from reptiles is that mammals became nocturnal and were thus able to use an unexploited temporal niche (1, 2) . To produce an exact 24-h rhythm in behavioral outputs, the circadian clock develops a temporal phase relation with the day/night cycle. In species studied thus far, the electrical and gene expression rhythms in the circadian clock in both diurnal and nocturnal animals have similar phases with respect to the light:dark cycle. This suggests that the phase difference in the activity of nocturnal and diurnal animals is not caused by differences in the circadian clock but rather by how the clock couples to output mechanisms (3) . In this issue of PNAS, Doyle et al. (4) present a possible mechanism for how retinal mutations could also lead to a switch between nocturnal and diurnal behavior.
In the mammalian brain, the central pacemaker in the suprachiasmatic nucleus (SCN) of the hypothalamus receives light information directly from the eyes. The retina contains three photoreceptor classes: rods, cones, and melanopsin-containing retinal ganglion cells, which all contribute light information to the SCN for circadian functions (5, 6) . The melanopsin-containing retinal ganglion cells (also known as intrinsically photosensitive retinal ganglion cells or ipRGCs) can function both as photoreceptors and as retinal ganglion cells (RGCs), which directly transmit rod/cone light information to the brain (7, 8) . Rod/cone light input to ipRGCs is termed the extrinsic response to differentiate it from the intrinsic response driven by melanopsin (9) . In the absence of the melanopsin protein (and hence the intrinsic light response), the extrinsic light signal from rods and cones is able to compensate for several circadian light functions (10, 11) . In contrast, the absence of ipRGCs leads to a lack of response to circadian light information without disrupting image formation (12) . These results indicate that the rod/ cone input to the brain for circadian rhythms is routed through the ipRGCs.
In rods and cones, the visual pigments rhodopsin and cone opsins are bound to the chromophore, 11-cis-retinal. The cis form of the chromophore allows the photopigments to respond to light, but prevents them from activating downstream G proteins. On activation by light, the 11-cis-retinal isomerizes to alltrans-retinal, which allows the photopigment to activate the downstream trimeric G protein. The all-trans-retinal is then released from the opsin and transported to the retinal pigmented epithelium (RPE) where it is recycled back to the cis form in what is known as the retinoid cycle. RPE65 is one of the key enzymes in this cycle required to regenerate the 11-cis-retinal chromophore to allow photoreceptors to regain sensitivity after light stimulation (13, 14) . In RPE65 knockout animals, a different form of the chromophore, 9-cis-retinal, is produced in the retina in a yet uncharacterized mechanism. The 9-cisretinal is not sufficient to sustain cone function and is only capable of sustaining weakened rod function. Cone cells eventually degenerate and rods behave as if they are under constant illumination by light, meaning that they are highly desensitized (15) . When the RPE65 knockout mice are combined with melanopsin knockout mice (RPE65 Ϫ/Ϫ ; Opn4 Ϫ/Ϫ ), only these weakened rod cells can detect light in the retina (16) . A significant proportion of these double-knockout mice become diurnal.
To try to understand how these retinal mutations lead to this switch in circadian photoentrainment, it is important to look at how light information is signaled within the retina itself. Both the onset of light and the onset of dark are signaled through two types of bipolar cells, ON and OFF. The ON bipolar cells make synaptic contacts with RGC dendrites that arborize in the inner sublamina of the inner plexiform layer (IPL), whereas the OFF cells make synaptic contacts with RGCs that arborize in the outer sublamina of the IPL (Fig.  1) . Both ON and OFF bipolar cells release glutamate to the RGCs they contact synaptically, which drives a depolarizing response.
The first ipRGCs to be studied arborized primarily in the OFF sublamina of the IPL. Surprisingly, subsequent electrophysiological recordings from these prototypical ipRGCs (now termed ''M1'' cells) showed that they signal an ON response to light, even though they arborize primarily in the OFF layer of the IPL. The light signal arises from a combination of both an ON bipolar signal and the intrinsic light response resulting in an overall depolarization in ipRGCs. When both the ON bipolar and the inhibitory amacrine cell inputs were pharmacologically blocked, a depolarizing OFF response was detected (9) . In addition to the prototypical M1 ipRGCs, several recent publications point to the presence of a second subtype of ipRGCs that arborize in the ON sublamina of the IPL (termed ''M2'' cells) (16) (17) (18) (19) . These M2 cells probably signal a predominant ON response to light. Thus, the main extrinsic light signal to the SCN originates from ON responses. In the RPE65 Ϫ/Ϫ ; Opn4 Ϫ/Ϫ double-knockout animals, only a weakened extrinsic light signal from rods is sent to the brain. How could this weakened light response lead to a reversal in the phase of the circadian oscillator with respect to the light:dark cycle? Although the authors quite properly refrain from speculation, in the context of this commentary, it is worthwhile to outline a model that has in the past been discussed by several of us and which might account for this striking result. A reversal of the phase of the circadian oscillator to the light:dark cycle could be explained by a switch in the strength of ON and OFF depolarizing signals through the ipRGCs to the brain. There are several reasons that the ON response may be significantly weakened and the OFF response strengthened in RPE65 Ϫ/Ϫ ; Opn4 Ϫ/Ϫ double-knockout mice. First, the removal of the melanopsin protein eliminates the intrinsic depolarization in response to light. Second, Doyle et al. (16) previously showed that in the RPE65 knockout the ON arborizing ipRGCs disappear. Because these M2 cells arborize in the ON sublamina of the IPL, their absence will decrease the ON signal to the SCN. Finally, the degeneration of cones and the desensitized state of rods in the RPE65 Ϫ/Ϫ also results in a weaker ON signal to ipRGCs. In addition to directly affecting ipRGCs, this weakened ON signal will probably decrease the inhibitory lightdependent amacrine cell input to ipRGCs. The combination of a weaker ON signal and less inhibitory amacrine cell input, in turn, may strengthen the light OFF response. A similar OFF response was detected in ipRGCs when the ON and amacrine cell inputs were pharmacologically blocked (9) . Such a similarity between this pharmacological situation and the RPE65 Ϫ/Ϫ ; Opn4 Ϫ/Ϫ double knockout could be physiologically tested. Thus in wild-type animals, the ipRGCs signal a stronger ON than OFF response, whereas in the RPE65 Ϫ/Ϫ ; Opn4 Ϫ/Ϫ double knockout, the ipRGCs may be signaling a stronger OFF than ON response.
If the light signaling in the RPE65 Ϫ/Ϫ ; Opn4 Ϫ/Ϫ double-knockout retina is reversed, one would expect that the phase of the molecular clock in the SCN and its downstream outputs would also be switched. In this issue of PNAS, Doyle et al. (4) used the Per2 luciferase reporter line to show that the molecular clock is phased oppositely in doubleknockout and wild-type animals. In addition, the rhythms in peripheral tissues are also reversed. After these inversions in both the central and peripheral clock, the output rhythms in general activity and body temperature rhythms are similarly switched, resulting in diurnality. If the light output from the retina is indeed reversed one would also expect that noncircadian behaviors that are also mediated by light would similarly be reversed. In mice, the acute suppression of activity by light is independent of the circadian clock. In the RPE65 Ϫ/Ϫ ; Opn4 Ϫ/Ϫ double-knockout mice, a 3-h acute light pulse significantly increases wheel-running activity, which is opposite to the response of the control animals. Furthermore, a 3-h dark pulse inhibits wheel-running activity in the mutant but has no effect on control mice.
Other retinal mutations can also lead to diurnality. For example, animals that only have functional cone cells (lacking functional rods and melanopsin protein) show diurnality (3). In addition, mice that are vitamin A-depleted, which causes weaker retinal inputs because of lack of chromophore, produced incidences of diurnality (20) . The report by Doyle et al. (4) in this issue of PNAS also shows that diurnality could be induced in wild-type mice when dim light cycles are used. The combined data suggest that weakened light ON signal to ipRGCs can lead to diurnality and indicate that a simple switch of the direction of light response causes an animal to switch niche from nocturnal to diurnal lifestyle.
In mice, the acute suppression of activity by light is independent of the circadian clock.
